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To determine the diagnostic value of exercise- 
induced R-wave changes in adolescents with 
congenital heart disease, the responses of 50 ado- 
lescents without significant heart disease were 
compared with those of 72 patients with either a left 
v~r~ular (LV) pressure or volume overload lesion. 
Among the pressure overload group, 24 patients had 
valvular aortic stenosis (AS) and 27 had coarctation 
of the aorta. The volume overload group included 12 
patients with mitral regurgitation (MR) and 9 with 
aortic regurgitation (AR). Severity of the cardiac 
lesion was assessed using cardiac catheterization 
in patients wtth AS, physical exa~nat~ in patients 
with coarctatton of the aorta and cilnicai or angio- 
graphic criteria, or both, in patients with valvuiar 
regurgitation. The R wave was measured in 10 
consecutive QRS complexes in leads II, aVF and Vs 
at rest, maximal exercise and l-minute recovery. 
At maximal exercise, control subjects had a mean 
decrease in ampi~ude (AR) of -3.6 mm (p 
<O.OOOi). Compared with the control group, the AS 
group had a similar decrease of -3.5 mm, but the 
coarctatlon group had a AR of -1.4 (p <0.005) and 
the volume overload group a AR of -1.1 mm (p 
<O.OOS). Patients with AS and ischemic ST-segment 
changes during exercise (n = 12) had greater de- 
creases in R-wave amplitude than did those with no 
ST changes (n = 12) (p <0.04). In patients with AS 
and an LV end-diastolic pressure >12 mm Hg (n = 
7), the decrease in AR was also greater than that 
in patients with LV end-diastolic pressure I12 mm 
Hg (n = 14) (p <O.OOS). Among patients with vol- 
ume overload, more severe valvular r~urg~ation 
was associated with a smaller AR (p <0.03). In 
patients with AS an increased AR reflects &hernia 
or diminished LV compliance, or both, whereas In 
patients with volume overload a decrease in AR Is 
an indicator of the severity of regurgitation. 
(Am J Cardioi 1963;52:641-646) 
The determination of R-wave amplitude changes on 
exercise electrocardiogram enhances the diagnostic 
value of the stress exercise test. A decrease in R-wave 
amplitude during exercise has been observed in adults 
with normal left ventricular (LV) function1 whereas an 
increase or lack of change in R-wave amplitude has been 
reported in patients with severe LV dysfunction or 
coronary artery disease. 2,3 Some investigators suggest 
that changes in R-wave amplitude may be more sensi- 
tive than ST-segment changes as an indi~a~r of myo- 
cardial ischemia,‘@ but others do not confirm these 
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observations.H A limited number of studies have been 
performed on the effect of exercise on R-wave ampli- 
tude in healthy children or in children with cardiovas- 
cular disease. A decrease in R-wave amplitude was 
found during exercise in normal black children.9 A 
smaller decrease in R-wave amplitude was demon- 
strated in adolescents with systemic hypertension.10 
This investigation assesses the diagnostic value of ex- 
ercise-induced R-wave amplitude changes in adoles- 
cents with cardiovascular malformations associated 
with LV pressure or volume overload. 
Nlethods 
Patients: Treadmill stress testing was performed in 122 
adolescents aged 10 to 16 years. There were 72 study patients 
and 50 control subjects. Among the 72 study patients, 51 had 
cardiac lesions with LV pressure overload and 21 had lesions 
associated with LV volume overload. The pressure overload 
group included 24 patients with isolated valvular aortic ste- 
nosis (AS) and 27 patients with isolated coarctation of the 
aorta. The volume overload group consisted of 12 patients with 
isolated mitral regurgitation (MR) and 9 patients with isolated 
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Controls Stenosis of Aorta Volume Overload 
(n = 50) (n = 24) (n = 27) (n = 21) 
Age (yr) 13 Lk 2 13 f 2 13f2 13 f 2 
Sex (M/F) 35/15 17/T 16/i 1 12/Q 
Resting HR (beats/min~ 75f 16 79f 16 83 f 14‘ 90 f 16’ 
Max HR (beats/min) 190 f 16 188 f 17 187 It 13 186 f 17 
Endurance (min) 15 jr 3 14 f 3 13 f 2 13 f 2 
Rest R-II (mm) 20.1 16.2 24.0 f: 8.9’ 19.4 f 7.0 23.6 f 8.4 
ExerR-II (mm) 16.5 L 6.7 20.5 f 7.7’ 18.0 f 8.3 22.5 f 8.5§ 
AR-II (mm) -3.6 f 2.9’ -3.5 zt 2.9 -1.4 f 3.85 -1.1 f 3.8t 
Values are mean f standard deviation. 
Significance versus controls: 
l p <0.04. 
+ p <0.0001. 
t p <0.003. 
§ p <0.005. 
Exer = maximal exercise; HR = heart rate; Max = maximal; R-II = height of the R wave in lead II; AR-II = difference between R-II at rest and 
maximal exercise. 
aortic regurgitation (AR}. Fifty adolescents with no hemo- 
dynamically significant heart disease served as control 
subjects. Indications for treadmill study in the control subjects 
included evaluation of vague chest pain, innocent murmurs 
or history suggestive of supraventricular tachycardia. In each, 
a complete history, physical examination, electrocardiogram, 
chest x-ray or M-mode echocardiogram, alone or in combi- 
nation, failed to disclose any significant hemodynamic or 
structural cardiac impairment. 
Among the 24 patients with AS, 13 had no previous surgery 
and 11 were postoperative patients. All of the subjects with 
AS had cardiac catheterization within 18 months of the ex- 
ercise test, with 11 of 24 having the study within the same 
week. In 3 of 24 patients, end-diastolic pressure was not 
measured before angiography. The criteria used to assess the 
severity of the AS were peak LV pressure, peak systolic ejee- 
tion pressure gradient, LV end-diastolic pressure and ischemic 
ST changes during graded treadmill exercise. Severe AS was 
defined as a peak systolic ejection pressure gradient of 276 
mm Hg. Mean peak LV pressure for the group with AS was 
150 mm Hg (range 100 to 205) and peak systolic ejection 
pressure gradient was 42 mm Hg (range 10 to 100). Seven 
patients with AS had LV end-diastolic pressure of >12 mm 
Hg, whereas 14 had pressures 512 mm Hg. No patient with 
AS had ST changes at rest, but 12 patients developed ST- 
segment depression with exercise (20.1 mm) and 12 patients 
did not develop ST-segment changes. 
The severity of the obstruction in the coarctation group was 
assessed by peak resting right-upper-extremity systolic blood 
pressure, maximal right-upper-extremity systolic blood 
pressure immediately after exercise and resting and imme- 
diate posttreadmill exercise peak systolic pressure gradient 
between right upper and lower extremities. Severe coarctation 
was defined as a resting peak systolic pressure gradient 240 
mm Hg. The mean resting upper-extremity systolic pressure 
in the coarctation group was 129 mm Hg (range 104 to X0), 
and mean upper-extremity systolic pressure immediately after 
exercise was 188 mm Hg (range 140 to 240). The mean 
upper-to-lower body peak systolic pressure gradient at rest 
was 16 mm Hg (range 1 to 50) and immediate postexercise 
upper- to lower-body peak systolic pressure gradient was 50 
mm Hg (range 1 to 100). The hemodynamic severity of the 
volume overload in patients with MR and AR was graded from 
1 (trivial) to 4 (severe) using previously described clinical or 
angiographic criteria, or both. I1 Regurgi~tion was trivial in 
5 patients, mild in 12, moderate in 4 and severe in 1. 
Exercise testing: All subjects were exercised to exhaustion 
using a graded treadmill stress test according to the Bruce 
protocol.12 Three electrocardiographic leads (II, aVF and V,) 
were recorded continuously at speeds of 10 and 25 mm/s at 
rest, during exercise and at 1,3,5 and 10 minutes of recovery. 
Blood pressure readings were taken at rest, at each stage of 
exercise and during recovery. In addition, a lower-extremity 
blood pressure was obtained in patients with coarctation at 
rest and immediately after maximal exercise. All study pa- 
tients and control subjects exercised at least 10 minutes. 
R-wave analysis: Electrocardiographic tracings were an- 
alyzed using the Digisonic digitizer and computer. The height 
of the R wave was measured in millimeters at a paper speed 
of 25 mm/s using the isoelectric line as a reference. Measure- 
ments were taken from leads II, aVF and Vs at rest, maximal 
exercise and l-minute recovery. To determine the relation 
between the duration of exercise and R-wave amplitude, in 
a randomly selected subgroup of control subjects (n = 19) 
additional measurements were taken at each 3-minute stage 
of exercise. To determine the number of QRS complexes 
needed to be measured to eliminate the effect of respiratory 
variation on the height of the R wave, comparison was made 
of consecutive measurements of 3,5 and 10 R waves. Using an 
analysis of covariance no statistically significant difference 
in the mean R-wave height was observed when more than 3 
complexes were measured. Nevertheless, we averaged 10 beats 
in each determination. The change in R-wave amplitude (AR) 
was defined as the difference between the average value at rest 
and maximal exercise or between rest and l-minute re- 
covery. 
Statistical analysis: Statistical analysis was performed on 
the Michigan Terminal System computer network using the 
Michigan Interactive Data Analysis System program. Values 
are expressed as mean f 1 standard deviation. Statistical tests 
used were the a-sample 1 test and analysis of variance where 
indicated. The level of significance used was p CO.05. An in- 
crease or no significant change in the R-wave amplitude at 
maximal exercise was considered an abnormal response. This 
definition of an abnormal response conforms with our obser- 
vations and previously published reports.r-5 Sensitivity was 
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defined as the percentage of study group patients with an 
abnormal response, that is, true ~itive/~ue positive + false 
negative. Specificity was defined as the percent of control 
subjects with a normal test, that is, true negative/true negative 
+ false positive. Similar directional changes in R-wave am- 
plitude were observed in all 3 electrocardiographic leads. The 
changes reported herein are those observed in lead II (R-II) 
except when significant additional changes were noted in other 
leads. Lead II was used because the tracing consistently had 
the most stable baseline and least artifacts. 
Results 
Age, sex, exercise endurance and resting and maximal 
heart rate of the control and study groups are shown in 
Table I. There was no statistical difference between 
control and study groups with respect to mean age, sex 
distribution, exercise endurance and heart rate at 
maximal exercise. The resting heart rate of the coarc- 
tation (83 f 14 beats/min) and volume overload groups 
(90 f 16 beats/min) was significantly higher than that 
of the control group (75 f 12 beats/min) (p <0.04 and 
p <O.OOOl, respectively). 
Controls: A gradual decrease in R-wave amplitude 
at each successive 3-minute stage of exercise was ob- 
served in control subjects (Fig. 1). There was a mean 
change in R-wave amplitude of -3.6 mm (p <O.OOOl) 
at maximal exercise (Table I). Among the 50 control 
subjects, 44 (88%) had a decrease in amplitude, whereas 
3 (6%) showed no change and 3 (6%) had an increase. 
There were no s~tistic~ly significant differences in 
R-wave amplitude changes between male and female 
patients or between adolescents 10 to 12 years of age and 
those 13 to 16 years of age. 
Aortic stenosis: Pre- and postoperative patients with 
AS did not differ significantly from each other in the 
severity of obstruction or in R-wave response to exercise 
and were thus grouped together. As expected, the R-II 
height was significantly higher at rest in patients with 
l ZO 
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FlGURE 1. Progressive decrease in R-wave amplitude during exercise 
in adolescents without significant heart disease, depicted as a percent 
change in R-wave amplitude in lead ll (ARII) from control value at 
successive 3-minute stages of exe&s8 and l-minute recovery. Values 
are mean f standard deviation. 
AS than in control subjects (24.0 f 8.9 versus 20.1 f 6.2 
mm) (p <0.04). The R-II at exercise remained signifi- 
cantly higher than that in control subjects (20.5 f 7.7 
versus 16.5 f 6.7 mm) (p <0.04). Patients with AS had 
a AR-II of -3.5 mm which was not significantly differ- 
ent from that of the control group (Table I). Because of 
the higher resting R-II value in AS, the percent change 
in R-wave amplitude with exercise was also compared 
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FIGURE 2. Percent chang8 in R-wave amplitude in lead II (&tlI) of 
maximal exercise (mean f standard error of the mean) for control 
subjects and patients with aortic stenosis, coarctation and volume 
overload. Patients with coarctation and volume Overload have a sip 
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No ST Change Change ~0.1 mm 
FfGURE 3. Dis~ib~i~ of patients with aortic stenosis according to 
exercise ST-segment changes. A greater &crease in R-wave amplitude 
(AM) occurs in patients with aortic stenosis who develop ischemic ST 
changes during exercise. Although there is a great overlap in values, 
using a decrease in R of 4 mm or more, sensitivity is 58% and speci- 
ficity 92 % . 
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cantly different (Fig. 2). Among the 24 patients with AS, 
22 patients (92%) had a decrease in R-wave amplitude, 
whereas 1 (4%) had no change and 1 (4%) had an in- 
crease in amplitude. However, patients with AS with 
ischemic ST changes on exercise (ST-segment depres- 
sion 20.1 mm) (n = 12) had a mean AR-II of -4.8 mm, 
whereas those without ischemic changes (n = 12) had 
a AR-II of -2.3 mm (p <0.04) (Fig. 3). A large decrease 
in R wave (>4 mm) at maximal exercise in patients with 
AS was rather specific for associated ischemic ST 
changes (specificity 92%). However, a change in R wave 
was not a very sensitive measure for ischemia: 42% of 
patients with ST changes on exercise had only a small 
decrease in R-wave amplitude (<4 mm). Thus, for a 
AR-II of -4 mm or more, sensitivity was 58% and 
specificity 92%. Patients with AS and an LV end-dia- 
stolic pressure >12 mm Hg (n = 7) had a mean AR-II 
of -5.6 mm, whereas those with an LV end-diastolic 
pressure 112 mm Hg (n = 14) had a mean AR-II of -2.1 
mm (p <0.006) (Fig. 4). For a AR-II of -2 mm or more, 
sensitivity was 100% and specificity 64%. This means 
that although an R-wave decrease >2 mm is very sen- 
sitive, the decrease in the R wave is not very specific, 
because one third the patients with normal end-diastolic 
pressure also had a decrease >2 mm. No relation could 
be demonstrated between peak LV pressure or peak 
systolic ejection gradient and R-wave amplitude 
changes. 
Coarctation: The coarctation group had a AR-II of 
-1.4 mm which is significantly lower than that of the 
control group (p <0.005) (Table I, Fig. 2). Among the 
coarctation group, 18 (67%) patients had a decrease in 
R-wave amplitude, 3 (11%) showed no change, and 6 
(22%) had an increase. No correlations were observed 
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FIGURE 4. Distribution of patients with aortic stenosis according to left 
ventricular end-diastolic pressure (LVEDP). Patients with aortic stenosis 
who have an LVEDP > 12 mm Hg tend to have a greater decrease in 
R-wave amplitude. Using a decrease in R of 2 mm or more, sensitivity 
is 100% and specificity 64%. 
upper-extremity systolic blood pressure or resting or 
maximal postexercise systolic pressure gradient across 
the coarctation. Compared with the AS group, the LV 
pressure load in patients with coarctation was of lesser 
magnitude. However, the R-wave response during ex- 
ercise was altered to a greater degree (Fig. 2). 
Volume overload: Patients with MR and AR had a 
similar response to R-wave amplitude changes during 
exercise and were therefore grouped together. The 
AR-II of -1.1 mm in patients with volume overload was 
significantly lower than that in the control subjects (p 
<0.003) (Table I, Fig. 2). Among these patients, 11(52%) 
had a decrease in R-wave amplitude, 2 (10%) showed no 
change, and 8 (38%) had an increase. The sensitivity for 
R-II wave amplitude change with volume overload was 
48% and specificity 88% (Fig. 5). Patients with more 
severe valvular regurgitation displayed less of a decrease 
in R-wave amplitude. This finding was most striking in 
lead aVF when R-wave amplitude at rest was compared 
with that at l-minute recovery (p cO.03) (Fig. 6). 
Discussion 
The data indicate that children aged 10 to 16 years 
without hemodynamically significant heart disease 
respond similarly to normal adults with a progressive 
decrease in R-wave amplitude during treadmill exercise 
(Fig. 1). These changes are observed in leads II, aVF and 
V5 and are significant at both maximal exercise and 
l-minute recovery. During this age period, there appears 
to be no direct effect of age or sex on R-wave response. 
The R-wave amplitude response during exercise in pa- 
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Control Volume Overload 
FIGURE 5. Frequency distribution of exercise-induced R-wave ampli- 
tude changes in lead II (ARII) in control subjects and patients with vol- 
ume overload. Adolescents with cardiac volume overload lesions show 
a smaller decrease or an increase in R-wave amplitude with exer- 
cise. 
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able and dependent on the diagnostic category and in similar response to exercise was observed in adolescents 
some groups on the severity of the lesion. with essential systemic hypertension.lO 
Change in R-wave amplitude could not be used to 
distinguish patients with valvular AS from control 
subjects. However, within the group of patients with AS, 
R-wave amplitude changes were directly related to the 
severity of the disease as reflected by exercise-induced 
ST changes or increased LV end-diastolic pressure. 
Patients with AS in whom ST-segment depression de- 
veloped during exercise and those with elevated resting 
LV end-diastolic pressure had a significantly greater 
decrease in R-wave amplitude than did patients without 
ST-segment changes or normal LV end-diastolic pres- 
sure (Fig. 3 and 4). We could not demonstrate any cor- 
relation between changes in R-wave amplitude and LV 
peak systolic pressure or systolic ejection gradient. 
R-wave amplitude changes may be related to long- 
standing severe LV hypertrophy, diminished ventric- 
ular compliance and subendocardial ischemia rather 
than to the prevailing LV peak pressure or gradient. 
Comparative data on adult patients with AS would be 
of interest but have not been examined. 
The group with LV volume overload associated with 
MR or AR had a significantly smaller decrease in R- 
wave amplitude than did the control subjects. The 
change in R wave was directly related to the severity of 
valvular regurgitation (Fig. 6). The changes might have 
been more striking if the patient population had in- 
cluded more patients with severe regurgitation. 
In contrast to AS, the change in R-wave amplitude 
in patients with pressure overload due to coarctation 
differed from that of the control subjects in both di- 
rection and magnitude. In patients with coarctation 
there was a significantly smaller decrease in R wave 
during exercise. The difference in response may be re- 
lated to the absence of severe LV hypertrophy or sub- 
endocardial ischemia in patients with coarctation. A 
The mechanism of changes in R-wave amplitude 
during exercise remains controversial. According to the 
Brody effect, a change in the LV volume may be ex- 
pected to influence the QRS voltage recorded on the 
surface electrocardiogram.13 A decrease in the LV 
end-diastolic volume in normal persons during exercise 
would be expected to cause a decrease in R-wave am- 
plitude, whereas an increase in LV end-diastolic volume, 
as in persons with severe LV dysfunction, would cause 
an increase in R-wave amplitude. Several investigators, 
using animal models, lpla have confirmed changes in the 
R wave with intracardiac volume changes. The in- 
creased LV end-diastolic volume in adolescents with 
MR or AR and volume overload could readily explain 
the R-wave changes in these patients. 
More recent studies using an ischemic model or pa- 
tient population with coronary artery disease demon- 
strate that R-wave amplitude changes and ventricular 
volumes do not always correlate.6J7 In an attempt to 
separate the effects of ischemia from volume changes, 
David et all* produced &hernia in dogs by coronary 
artery ligation and clamping the vena cava to reduce 
ventricular volume. An increase in R-wave amplitude 
occurred despite a decrease in volume. These findings 
suggest that ischemia may have an independent effect 
on the amplitude of the R wave. Further support for the 
role of ischemia may be obtained by examining the 
genesis of the precordial R wave. The surface QRS 
complex is postulated to be a composite of the epicardial 
QRS and the endocardial QS. Ellestadlg observed that 
in patients without ischemia, the endocardial QS com- 
plex increased with increasing heart rate and that the 
precordial R wave decreased in amplitude; thus, the 
expected normal decrease in surface-recorded R wave 
during exercise. Lekven et a120,21 found that with an 
increase in volume in dogs the endocardial potential 
decreased while the epicardial potentials decreased also, 
but to a lesser magnitude. When ischemia was combined 
with LV volume overload, the endocardial potential 
decreased even more, whereas the epicardial potential 
no longer decreased. These observations suggest that 
changes in the endocardial and epicardial potentials 
during exercise could cause a change in R-wave ampli- 
tude. It is possible that in adolescents with severe AS 
the development of ischemic changes results in in- 
creased endocardial QS potentials and a further de- 
crease in R recorded at the surface. In contrast to that 
in patients with coronary artery disease, LV end-dia- 
stolic volume in these patients is normal or decreased.22 
The mechanism for an increase or smaller decrease in 
R-wave amplitude during exercise in patients with 
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Severity of Regurgitation 
FIGURE 6. Relation between the severity of volume overload and the 
change in R-wave amplitude (AR) in lead aVF (resting to l-minute re- 
covery). Progressively greater volume overload results in increased 
amplitude of the R wave. 
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ume and the absence of ventricular ischemia on the 
resting or exercise electrocardiogram. 
Our findings indicate that normal adolescents exhibit 
R-wave amplitude changes similar to those in normal 
adults, and that R-wave amplitude changes in adoles- 
cents with congenital heart disease depend on the type 
and severity of the malformation. R-wave measure- 
ments at maximal exercise may be useful in identifying 
patients with AS and increased LV end-diastolic pres- 
sure and in assessing the severity and progression of 
disease in patients with volume overload lesions. 
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